We present new Spitzer /IRAC observations of 55 dusty Long Period Variables (LPVs, 48 AGB and 6 RSG stars) Galactic AGB stars follow the period-luminosity sequences found for the Magellanic Clouds. Mira variables fall along the fundamental pulsation sequence, while semiregular variables are mostly on overtone sequences. We also derive a relationship between mass-loss rate and [3.6]−[8.0] color. The fits are similar in shape to those found by other authors for AGBs in the LMC, but discrepant in overall normalization, likely due to different assumptions in the models used to derive mass-loss rates. We find that IR colors are not unique discriminators of chemical type, suggesting caution when using color selection techniques to infer the chemical composition of AGB dust returned to the ISM.
INTRODUCTION
The Asymptotic Giant Branch (AGB) is the last evolutionary phase of low and intermediate mass stars (M < 8 M⊙) , before the brief post-AGB phase that leads them to become white dwarfs. AGB stars are characterised by complex nucleosynthesis, high mass-loss rates, and variability. They are the source of a large fraction of the mass returned by stars to the Interstellar Medium (ISM, Sedlmayr 1994) . In particular, they are believed to be the primary 'dust factories' in galaxies (Gehrz 1989; Boyer et al. 2012) , even though recent observations have re-evaluated the role played by supernovae (see e.g. Matsuura et al. 2011; Dwek & Cherchneff 2011) . It is clear, however, that understanding mass-loss in AGB stars is instrumental for modeling the chemical evolution of galaxies.
The composition of the material returned from AGB stars to the ISM depends on the chemistry of the star, which is determined by its initial mass and evolutionary history. The latter is crucially regulated by mass loss. Most stars enter the AGB with an intrinsic C/O abundance ratio less than one (O-rich) . In stars of ∼ 1.5 − 4 M⊙ (Straniero et al. 1995 (Straniero et al. , 1997 however, several dredge-up events following thermal pulses may drive the C/O ratio above unity. These stars become the so-called carbon stars. In stars above ∼ 4 M⊙, however, carbon is destroyed by nuclear burning at the base of the convective envelope (Hot Bottom Burning; Smith & Lambert 1985; Boothroyd & Sackmann 1992) preventing it from reaching the surface of the star where it could be observed. These stars never transition to the carbon star phase. Mass limits constraining the formation of carbon stars depend on metallicity; low metallicity environments (e.g. the Magellanic Clouds) form carbon stars at lower masses. Intrinsic S-type stars share many characteristics with carbon stars such as similar masses and a rich s-element chemistry from many dredge-up events, but they lack sufficient carbon to drive the C/O ratio above one. experience third dredge up episodes and as such they are characterised by an O-rich chemistry (e.g. Verhoelst et al. 2009 ). More luminous than AGB stars, but with similar spectral types, they are also subject to variability and mass loss. Their dust production rates are comparable to those of AGB stars but their overall yield to the ISM is lower, due to RSGs being more rare than their lower mass counterparts in the AGB (e.g. Boyer et al. 2012 ).
AGB and RSG stars lie close to an instability region of the Hertzsprung-Russell diagram and as such they exhibit long period variability of Mira, semiregular, and irregular type with periods on the order of hundreds to thousands of days. Period-luminosity diagrams of long period variables (LPVs) in the Magellanic clouds (LMC and SMC) reveal sequences that appear to correspond to the variable pulsation mode, binarity and other as yet unknown characteristics (Wood 2010) . These diagrams can be a powerful tool for studying the pulsation mode for a large population of variable stars. This is especially true when the available light curves are sparse and poorly sampled, making it difficult to detect additional periodicity (e.g. overtone pulsations) in the amplitude modulations of the light curve. The construction of similar diagrams for Galactic AGB stars would be extremely useful, as they would illuminate the role of metallicity in determining the pulsation properties of these variables. Efforts in this sense depend critically on accurate and precise distance measurements for Galactic LPVs (Whitelock et al. 2008 ).
Pulsations and mass loss are inextricably linked in AGB and RSG stars (see e.g. Willson 2000) since radial pulsations aide in the formation of the dust-driven winds responsible for the characteristic high mass-loss rates of AGB stars (10 −8
M⊙ yr
−1 up to 10 −4 M⊙ yr −1 , e.g. Wood et al. 1983 Wood et al. , 1992 van Loon et al. 1999 , as compared with 10 −9 M⊙ yr −1 to 10 −7 M⊙ yr −1 , e.g. Mauas et al. 2006 ; Dupree et al. 2009 for Red Giant Branch stars). The dusty wind that results from these mass-loss processes, before elements synthesized in AGB stars are released into the ISM, leads to the formation of dusty cocoons enshrouding the star. These circumstellar envelopes obscure optical radiation, making observation of mass-losing AGB stars difficult at visible wavelengths. However, thermal radiation from the dust makes AGB stars extremely luminous in the infrared (IR). The InfraRed Array Camera (IRAC, Fazio et al. 2004 ) on board the Spitzer Space Telescope (Werner et al. 2004 ) operates in the mid-IR and is an ideal instrument for characterizing AGB stars according to their chemical composition, massloss rate, and variability class. IRAC's four channel imaging during the Spitzer cryogenic mission was especially wellsuited to observe the prominent dust and molecular spectral features in AGB stars -for example, H2O, SiO, CO2, and CO among others for O-rich stars and C2H2, HCN, CS, and C3 for carbon stars.
Due to their intrinsic brightness and red colors, AGB stars are easily detected by IRAC and have been found in numerous IRAC surveys of the Milky Way (e.g. GLIMPSE, Benjamin et al. 2003; Churchwell et al. 2009 ) and Local Group galaxies (e.g. SAGE, Meixner et al. 2006; Blum et al. 2006; Boyer et al. 2011) . However, there have been no studies specifically designed to characterise in the IRAC bands a sample of Galactic AGB stars with well determined chemical type, variability, and mass-loss rate. To fill this gap, we designed a program to observe a nearby sample of Galactic AGB stars with IRAC in order to better identify AGB stars in IRAC surveys, to facilitate Galactic population synthesis studies, and to better understand the chemical evolution of the diffuse matter in the ISM.
We have observed 48 Galactic AGB stars, representing each of the main types of AGB stars -O-rich, S-type, carbon stars, Mira, semiregular, and irregular variables as well as 6 RSGs of semiregular and irregular variability type. We outline our target selection in Section 2. Section 3 describes the data reduction pipeline and how the photometry was derived. We present the IRAC colors of AGB stars in Section 4 and discuss period, magnitude and color relations in Section 5. Relationships with the mass-loss rate are explored in Section 6. We summarise our conclusions in Section 7.
TARGET SELECTION
Our target list was selected from a number of Galactic AGB star catalogs available in the literature (Loup et al. 1993; Kerschbaum & Hron 1996; Adelman & Maher 1998; Heras & Hony 2005; Guandalini et al. 2006 , and references therein) with the intention of representing all main types of AGB stars. Two main constraints limited our choice of targets: (1) the availability of distance estimates and (2) a K band magnitude 0, to prevent excessive saturation with IRAC. While our target list is not a statistically significant sample of the Galactic AGB population, the sample is sufficiently large and diverse to allow a general study of the spectral energy distribution (SED) of Galactic AGB stars in the Spitzer /IRAC bands, and its overall dependence on their chemical, physical, and variability characteristics.
Distances for our target stars were derived either from interferometric observations (e.g. van Belle et al. 2002; Zhang et al. 2012) , models of radio emission and/or bolometric luminosity (Loup et al. 1993; Olofsson et al. 2002; Guandalini et al. 2006; Guandalini & Busso 2008; Schöier et al. 2013) , and, in the absence of either of those, astrometric methods (van Leeuwen 2007, adopting the latest corrections of Hipparcos distances). The distance of our selected AGB targets varies from 0.14 to 1.85 kpc (with one single carbon star that has a distance of 4.21 kpc). The distances to previously observed supergiants have been derived with different methods found in the literature (see notes on Table 1 ).
The complete sample is listed in Table 1 , and is divided in three main categories: 22 O-rich AGB stars (M III spectral type), 7 intrinsic S stars, 19 carbon stars, and 6 supergiants. In each category we have a similar number of Mira, semiregular and irregular variables, with periods ranging from 50 to 822 days. Information about the period and variability type of the targets was obtained from the General Catalog of Variable Stars (GCVS, Samus et al. 2012) . Estimated mass-loss rates were obtained from radio observations of CO or HCN in the outer envelope, or fitting detailed radiative transfer models of the circumstellar emission to the infrared SED (see Loup et al. 1993; Olofsson et al. 2002; Guandalini et al. 2006 , and references therein). The mass-loss rates of our target stars range from 10 −8 to 10 −4 M ⊙ yr −1 in each category. Mass-loss rates for the supergiants were estimated by various methods (see notes in Table 1 ). Near-IR photometry was obtained (for random epochs) from the 2MASS catalog (Skrutskie et al. 2006) . While higher quality near-IR photometry exists for some of the stars in our sample, we chose to adopt 2MASS photometry for uniformity across the sample. The uncertainty of the 2MASS magnitudes are already smaller than the amplitude of the infrared variability of our LPVs. In absence of complete light-curves for all stars in the sample from which to calculate average magnitudes, this obviates the need for single epoch photometry with better precision than 2MASS.
Given the variability of the sources, we requested two epochs (six months apart, as constrained by the Spitzer visibility windows) for each target, in order to check for variations in the IRAC photometry on time-scales of several months.
OBSERVATIONS AND DATA REDUCTION
We restricted our target list to nearby AGB stars with estimates of their distance. Given the intrinsic luminosity (∼ 10 4 L⊙) and red colors of AGB stars, these targets saturate the IRAC detectors even at the shortest IRAC subarray frame times. While saturated images are not suitable for aperture photometry, reliable photometry can be recovered with Point Spread Function (PSF) fitting, as long as at least part of the PSF is not saturated. To compromise between the need to limit the amount of saturation in our images and, at the same time, fill enough of the IRAC field-of-view with high S/N unsaturated portions of the PSF, we adopted the 2 sec full-frame IRAC Astronomical Observation Template. To allow for efficient removal of outliers (bad pixels and cosmic rays), and sufficient spatial sampling of the unsaturated PSF optical features (diffraction spikes and rings), we observed each target using the 5-point small scale Gaussian dither pattern.
The data were acquired between 2006 June 2 and 2008 June 20 as part of the IRAC Guaranteed Time, with PID 30411. Starting with the Basic Calibrated Data (BCD) produced by the Spitzer Science Center (SSC) pipeline version S14.4.0, we generated a mosaiced image for each source, using our own post-BCD software IRACproc (Schuster et al. 2006) . IRACproc is an add-on to SSC's MOPEX mosaicing software, that applies more sophisticated outlier rejection criteria. With the optimised parameters from IRACproc, MOPEX defines a fiducial image frame that contains the coordinates for the constituent frames, removes transients using temporal outlier rejection and then interpolates the frames to produce a mosaic image. The final mosaic is scaled to 0.863 ′′ /pixel which is 1/ √ 2 of the IRAC pixel scale (half of the IRAC native pixel area), to provide ideal (Nyquist) sampling even at the shortest IRAC wavelengths. Table 7 lists the measured IRAC Vega magnitudes for all sources. The adopted PSF fitting technique, developed specifically for heavily saturated IRAC images, is described in Marengo et al. (2009) . As an example of this procedure, Figure 1 shows the O-rich AGB star CZ Ser, shown before and after the PSF is fit and subtracted from the target. We used a high dynamic range image of the IRAC PSF 1 in each band, made from a combination of individual images of a set of stars with different brightness (Sirius, Vega, Fomalhaut, ǫ Eridani, ǫ Indi, and the IRAC calibrator BD+68 1022). The PSF intensity is scaled to match the actual IRAC observations of Vega in each band, providing an absolute photometric reference, and is super-sampled over a grid with 0. spikes and PSF ring and "tails") of each target star image, we have measured the flux ratio between the stars in our sample and Vega. The typical uncertainty of this procedure is 2−5% (constrained by comparing the amplitude of the PSF subtraction residuals with the background and source photon noise), and is comparable to the typical absolute aperture photometry of unsaturated stars with IRAC. The photometry of the six supergiants from the literature obtained from Schuster (2007) use the same PSF-fitting technique.
IRAC COLORS OF GALACTIC AGB STARS
Ground-based mid-IR colors have been used extensively to characterise the physical and chemical properties of the circumstellar envelopes of evolved stars (see e.g. Marengo et al. 1999 and references therein). The IRAC bands offer a similar opportunity, as they span a wavelength range rich in strong molecular and dust features, and they are free from variable telluric absorption lines. These features correlate with the chemical signature of the circumstellar environment, dust mineralogy, and abundance in the stellar wind. Note that in the IR, interstellar extinction is dramatically reduced with respect to the visible; as a consequence the mid-IR and near-IR colors of our sources are mainly determined by photospheric and circumstellar features. Figure 2 shows a number of IRAC color-color diagrams for all target sources. Each source is plotted once, using the average color of the two observed epochs. The sources tend to be organized on a sequence of increasing excess colors, matching the overall distribution of colors found by Marengo et al. (2007) using synthetic IRAC photometry derived from Infrared Space Observatory Short Wavelength Spectrometer (ISO SWS, Valentijn et al. 1996) spectra (from Sloan et al. 2003) . The largest dispersion is in the [3.6]−[8.0] color (panel a). Radiative transfer models (see e.g. Groenewegen 2006) show that this sequence is related to increasing amounts of circumstellar dust, indicating larger mass-loss rates (assuming wind velocities, dust opacities, and a uniform dust-to-gas mass ratio across the sample). We explore quantitatively the correlation between mass-loss rates and IRAC colors in section 6.
Stars extending along the infrared excess sequence tend to separate according to their circumstellar chemistry. Orich and intrinsic S-type AGB stars, as well as the supergiants, tend to have a redder Figure 2 , we plot models using a mixed chemistry -60% aluminum oxide (amorphous porous Al2O3) and 40% silicates (see Groenewegen 2006 , for details). More recent papers have shown that the choice of optical constants affects the predicted flux of the silicate feature near 10 µm (see Groenewegen et al. 2009 ). This suggests that the particular silicate opacities employed in the model may lead to the inaccurate determination of the dust mass-loss rate.
Plots including colors with the 5.8 µm band ( , we see that the separation is related to the massloss rate listed in Table 1 . Stars with higher mass-loss rates are on the upper, red branch, while stars with lower massloss rates populate the lower, blue track. This dichotomy suggests that the feature responsible for the 5.8 µm absorption is likely photospheric, being masked by thicker dusty envelopes in sources with higher mass-loss rates.
To identify this feature, and to match the observed trends in the IRAC colors with specific spectral features, we retrieved archival spectra (Sloan et al. 2003 ) for all of our sources that were observed with ISO SWS. We have The spectrum of carbon stars along the blue branch (e.g. VX And in the top panel) exhibits a strong C3 absorption feature centred at 5 µm. This feature is not present in the spectra of stars in the redder branch (e.g. V CrB and T Ind). Based on Sloan & Price (1998) , C3 is assumed to be developing in the atmospheres of dust poor carbon stars. This feature disappears in stars with thicker circumstellar envelopes, either because it is filled by the continuum dust emission, or because the molecule making the feature is depleted. As noted in Marengo et al. (2007) , this feature appears to be transient, as some sources observed with ISO SWS in multiple epochs do not show it in all spectra. This suggests that the feature variability is related to changes in the C3 abundances in the stellar atmosphere as the star pulsates, rather than changes in the dust content of the circumstellar envelope (which is unlikely to show large scale variations on the short time-scales of the ISO repeated observations, although such variations are found on longer timescales, see e.g. Whitelock et al. 2006) . The spectra of carbon stars present several other molecular features in the IRAC passbands (CO, C2H2, HCN and CS). C2H2 falls mostly outside the 3.6 µm band, and does not contribute significantly to the The mid-IR spectra of the O-rich sources (middle panel), intrinsic S-stars and a red supergiant (bottom panel) are also rich in several molecular features (including CO, H2O, SiO, CO2 and SO2). Of these, the features that have the largest effect on the IRAC colors are SiO, CO2, and CO bands that can severely depress the 4.5 µm flux leading to blue [3.6]−[4.5] colors (as low as ∼ −0.4 mag) for the sources with less overall infrared excess. Sources with high dust content show the prominent 10 µm silicate feature in emission. As mentioned before, this feature is partially captured by the 8.0 µm band, causing the [3.6]−[8.0] color to be redder for higher mass-loss rates. There are no significant differences between the colors of the individual types of O-rich sources, as evidenced by the fact that M-type AGB stars, intrinsic S-stars and red supergiants all trace the same color sequence.
A number of classification schemes for the chemistry of AGB stars rely on the combination of IRAC with near-IR colors. have significantly redder colors than most O-rich AGB stars in the Magellanic Clouds may be the consequence of the different evolutionary paths of the two AGB populations in galaxies with different metallicity. AGB stars are observed to have redder colours at higher metallicities because the gas to dust ratio increases (van Loon 2000) . We note that the few O-rich AGB stars in the Magellanic Clouds that have redder colours than the Galactic AGB stars in our sample are OH/IR stars (Wood et al. 1992; Marshall et al. 2004) . As noticed by many authors (see, e.g. Ferrarotti & Gail 2006; Ventura et al. 2012 ) a low metallicity environment favors the creation of carbon stars early in the evolution of an AGB star, when the mass-loss rate (and hence infrared excess) tends to be smaller. According to this hypothesis, LMC/SMC O-rich AGB stars are restricted to low J−[8.0] excess, with only C-rich stars having redder J−[8.0] colors due to their greater mass loss. This restriction would not be present in Galactic O-rich AGB stars, requiring a higher number of thermal pulses to transition to C-rich chemistry. Alternatively (though not in our sample), the neat color separation observed in the LMC/SMC C-and O-rich AGB stars could be explained by the selection method used to identify the chemical type of the source. LMC/SMC AGB catalogs are typically based on near-IR colors (see e.g. Figure 5 in Boyer et al. 2011 ) while the chemistry of our targets has been identified spectroscopically. This second possibility is supported by the large range in infrared colors exhibited by spectroscopically identified C-and O-rich LMC AGB stars (see e.g. Matsuura et al. 2009 ). Finally, this may be a selection bias in our sample as we have selected sources with measurable mass-loss rates, and hence a larger infrared excess.
The two reddest O-rich AGB stars in our sample are KU And and V1300 Aql. Both have red [3.6]−[8.0] color and V1300 Aql is the reddest in the near-IR (consistent with its fainter J-band magnitude indicative of higher circumstellar extinction, see Table 1 ). Several (5) Figure 6 . Color-magnitude diagram using near-IR photometry from 2MASS. Lines correspond to the near-IR color cuts used by Boyer et al. (2011) . The red striped box denotes the RGB.
they would be considered extreme AGB stars by Boyer et al. (2011) . In fact, all of our O-rich AGB stars are redder than the J − K color cut Boyer et al. (2011) use to isolate O-rich AGB stars in the LMC (see Figure 6 ).
To test whether the redder colors of our O-rich AGB stars are representative of the Galactic AGB population, or rather are the consequence of selection effects, we extracted the 2MASS photometry of all Mira and semiregular variables in the GCVS (Samus et al. 2012 ) with known chemical type. The median J − K color (0.85 mag) of this larger sample of O-rich AGB stars falls within the Boyer et al. (2011) color cut, suggesting that the red colors of the O-rich AGB stars reflect our choice of O-rich AGB stars with measured massloss rates, and thus greater IR excess (see Figure 7) . It should be noted, however, that a large fraction of the GCVS carbon stars have a J − K color falling outside the boundaries of the Boyer et al. (2011) C-rich color cut. Javadi et al. (2011) also find that carbon stars are less red at similar metallicities in M33. We find that 78% of the C-rich AGB stars in the Galaxy are bluer than J − K ∼ 1.2 mag (the color selection criteria from Boyer et al. 2011 , for K∼ −8 mag, see Figure 6) . Based on this, the majority of C-rich sources would likely be misclassified as O-rich sources. However, sources in the GCVS tend to be optically selected, and as such are biased toward low circumstellar extinction (small mass-loss rates), and may sample less-evolved, non-dusty AGB stars that behave very differently than their more evolved, dustier counterparts (Boyer et al. 2011 ).
Source Variability
The availability of two separate epochs, while not sufficient to reconstruct a full light-curve, is enough to estimate the average variations of LPVs in the IRAC bands. Figure 8 shows the histograms of the average magnitude change between epochs for all sources in our sample. The RMS variations are 0.29, 0.28, 0.27, and 0.26 mag at 3.6, 4.5, 5.8 and 8.0 µm respectively. This is much larger than the RMS variations expected for a sample of non-variable stars ( 0.008 mag for all bands), based on the average photometric uncertainty. As expected, the IRAC bands are affected by the variability of the sources to a much smaller extent than the optical bands (where Mira light-curves can have amplitudes as large as 11 mag, Samus et al. 2012) , with smaller variations for longer wavelengths. The smallest changes are observed for sources that are classified as semiregular or irregular variables (0.14, 0.12, 0.11, and 0.10 mag in each band), as expected because of their shorter periods and smaller pulsation amplitudes with respect to Miras (0.46, 0.45, 0.42, and 0.41 mag respectively).
The IRAC color changes between epochs are generally small (RMS ≃ 0.08 mag), resulting in a small scatter in the color sequences shown in Figure 2 . The largest variation is found in the [5.8]−[8.0] color for the carbon stars in the blue branch (RMS ≃ 0.11 mag), affected by the variability of the C3 feature (see figure 3) . One carbon star (RS Cyg) also shows a first epoch [3.6]−[8.0] color significantly bluer (by 0.31 mag) than all other carbon stars. Unfortunately, ISO SWS spectra are not available for this source. However, we found that our second epoch IRAC photometry closely fits the spectrum of another carbon star, T Ind. The first epoch IRAC photometry of RS Cyg is characterised by a much higher 3.6 µm flux than the second epoch, or the T Ind spectrum. We suspect that this fluctuation is due to unusually strong, variable C2H2 absorption, common in many of the ISO SWS spectra of the other carbon stars in our sample. L and M band spectra of RS Cyg taken at multiple phases would be required to confirm this hypothesis, and the existence of such broad variations in the strength of this absorption feature. 
PERIOD, MAGNITUDE AND COLOR RELATIONS
LMC and SMC LPVs tend to organize themselves in a series of parallel sequences in optical and infrared periodluminosity diagrams (see e.g. Wood 2010; Riebel et al. 2010 and references therein). These sequences depend on the pulsation mode, binarity, and other not yet identified parameters (giving rise to poorly understood characteristics, like a long secondary period observed in some stars). The so-called C sequence is populated by fundamental mode pulsators. The brightest of the C sequence variables tend to be Miras, while the lower end of the sequence (straddling the RGB tip) is mainly inhabited by semiregulars. Sequence C' (to the left of sequence C by ∆[log P ] ≃ −0.1), is instead populated by first overtone semiregular variables. LPVs with higher overtone modes are organized in separate sequences (A and B ) with even shorter periods. Stars with the mysterious secondary long period are found in sequence D, shifted by ∆[log P ] ≃ +0.3 from the C sequence. Figure 9 shows the period-luminosity diagram calculated for the 3.6 µm absolute magnitude (averaged between the two epochs) for our sample of AGB stars. Diagrams for the other three bands are similar. The sources classified in the GCVS (Samus et al. 2012) as Mira and semiregulars are indicated by different symbols. The size of the symbols is proportional to the [3.6]−[8.0] color (as a proxy for their mass-loss rate). The shaded bands for the individual sequences are derived from the approximate distribution of LMC LPVs in Riebel et al. (2010) where the [3.6] magnitude is taken as a proxy for the luminosity, and converted to absolute magnitudes using the LMC distance modulus of 18.5 (Freedman et al. 2001; Walker 2011) . These sequences are similar to those found by Wood (2010) using the K band magnitude as a proxy for luminosity, however they have a slightly shallower slope (larger period for a given luminosity).
The location of our sources on the diagram is listed in Table 3 and is largely as expected, based on AGB stars in the Magellanic Clouds, confirming results found by Glass et al. (2009) using synthetic IRAC photometry from Marengo et al. (2007) . Miras (squares) are all within or below the sequence C (fundamental pulsators), with the exception of the carbon star R For, which is in the first overtone sequence C'. A few of the Miras appear to be significantly under-luminous in the 3.6 µm band, up to 3 mag below the C sequence for their period, placing them in or near the secondary long period sequence D. Most of these stars (e.g. KU And and V1300 Aql) have large infrared excess due to their high mass-loss rate; their low 3.6 µm brightness may be caused by the large extinction due to their thick circumstellar envelope. Alternately, they may have increased their period as the stellar structure responds to the mass lost. The semiregular variables, as expected, are mostly located in the overtone sequences or the lower part of sequence C. Only four semiregulars (T Ind, VX And, BN Mon and RS Cyg, all carbon stars) are found in the area of the C sequence oc- cupied by fundamental mode Miras. ET Vir is the faintest source in the plot, lying at the very bottom of sequence C. At a Hipparcos-determined distance of 0.14 kpc, ET Vir is also the nearest source in the sample. Given the large uncertainty on the parallax (> 30%), we might expect that the luminosity has been underestimated due to an unreliable distance estimate. However, the Hipparcos value agrees well with the distance modulus calculated using the width of chromospheric Ca ii emission lines (Wilson 1976 ) to determine the absolute magnitude, making it unclear why ET Vir is more than a magnitude fainter than the other sources in the sample. One possibility is that we observed ET Vir with lower luminosity following a thermal pulse. All semiregular AGB variables in our sample tend to have small infrared excess, so it is unlikely that their position in the diagram is significantly affected by extinction at 3.6 µm. The only semiregular variables with large excess are four supergiants (XX Per, W Per, NML Cyg, and VX Sgr), located at the top of sequence C' as expected.
The general distribution of our Galactic LPVs in the period-luminosity diagram is characterised by a significantly larger spread than the variables in the Magellanic Clouds. As found by previous authors (see e.g. Tabur et al. 2010) , this is primarily due to the larger uncertainty in the distance of Galactic LPVs, and possibly in the larger spread in their metal abundance, which also affects their periodluminosity relation. Despite these difficulties, the periodluminosity plot using the IRAC 3.6 µm band (where extinction is minimal, and infrared excess tends to be lower than at longer wavelengths) as a proxy for luminosity remains an important tool to study the pulsation mode of these variables, most of which only possess sparse and incomplete light-curves.
While period-magnitude relations are diagnostics of the pulsation mechanisms of several classes of variables, the in- where the period is in days.
One possible explanation for this dichotomy is that the two groups of variables are characterised by different dust composition, affecting their excess in the IRAC bands. One problem with this interpretation is that there seems to be no difference between O-rich (M and S-type) and C-rich AGB stars, despite the very different source of the infrared excess (mainly continuum from amorphous carbon dust for carbon stars, and the 10 µm silicate feature in emission for M and S-type AGB stars). Another possibility is a difference in the amount of circumstellar dust responsible for the IR excess, i.e. a different mass-loss rate. While the median mass-loss rate of the Miras in our sample is indeed higher than for the semiregulars (2.1 × 10 −6 and 4.6 × 10 −7 M⊙ yr −1 respectively), the separation is not as marked as in the color-period space. A third possibility is that the separation in color reflects different circumstellar dust temperatures. Given that the IRAC bands are sensitive to dust in the temperature range 500 − 800 K, the observed dichotomy may indicate that semiregulars are deficient in the hot dust emission that is present in Mira variables. This is consistent with the suggestion in Marengo et al. (2001) that semiregular variables could have discontinuous mass-loss, spending a significant part of their time in the quiescent phase with only brief phases of higher mass-loss. According to this hypothesis, semiregulars would have more excess during these brief intervals of higher mass-loss, but once this phase has concluded, the dust would expand and cool, leading to a small [3.6]−[8.0] excess ( 0.5 mag). Infrared color variations due to intermittent dust production have been found for many AGB stars (see e.g. Whitelock et al. 2006 , and references therein), for both Mira and semiregular LPVs. Those variations have been attributed to the emission of dust clumps, similar to the ones observed with interferometric observations of the very obscured Mira carbon star IRC+10216 (Tuthill et al. 2000) . The different color we observe between Mira and SR variables may reflect the fact that dust episodes in semiregulars happen on longer time-scales, giving the dust time to cool between each mass-loss episode. Less excess for the semiregulars would mean that their IRAC colors are a better reflection of the star's intrinsic color (and not thermal emission from the dust). This would lead to the more strict period-color relation for semiregular than for Mira variables. Indeed it is the higher excess in Mira variables that would prevent a similarly tight relation.
MASS LOSS AND COMPARISON TO LMC/SMC AGB STARS
The intense mass-loss processes that are often active during the AGB phase are not well understood. Commonly used empirical mass-loss-rate formulas (see e.g. Salpeter 1974; Reimers 1975; Baud & Habing 1983; Nieuwenhuijzen & De Jager 1990; Vassiliadis & Wood 1993) only provide an order-of-magnitude estimate of the mass-loss rate of AGB stars and cannot predict the actual mass-loss rate as a function of stellar parameters. Radiative transfer modeling can be used to infer the amount of circumstellar dust from excess flux measurements in the thermal infrared. Coupled with assumptions about the AGB wind velocity (usually ∼ 10 − 20 km s −1 ) and the gas-todust mass ratio (typically in the range of the ISM ratio of ∼ 200), these models can be used to provide estimates for AGB mass-loss rates from infrared photometric measurements. This can be achieved either by fitting the SED (see e.g. Gullieuszik et al. 2012; Riebel et al. 2012) of each source to a model or adopting a color -mass-loss relation (see e.g. models using realistic stellar atmospheres from Groenewegen 2006; Groenewegen et al. 2009 Groenewegen et al. , 2007 Gruendl et al. 2008 ). These models show how high-mass-loss rate AGB stars of all types follow monotonically increasing sequences similar to those shown in Figure 2 (higher mass-loss rate, stronger infrared excess). Figure 11 shows the mass-loss rate plotted as function of [3.6]−[8.0] color. Reflecting the color separation found in Figure 10 , all semiregular variables are grouped in the 0 − 0.5 mag color range. However, the overall mass-loss rates are comparable for the two groups. This is in accordance with the previously mentioned results found in Marengo et al. (2001;  see discussion in Section 5), and since we would expect semiregular variables to show less excess than Mira variables if they are characterised by discontinuous massloss.
The overlap in the distribution of AGB stars of different chemical types echoes our finding that the majority of Orich AGB stars in our sample have colors consistent with carbon stars (see Section 4). Because our sample of O-rich AGB stars is biased towards higher mass-loss rates, the most significant contributors of O-rich AGB dust are also the most likely to be mis-classified with color cuts alone, suggesting that care must be taken in inferring the chemical yield of AGB dust from color-selected stellar population studies.
Selecting for AGB stars with measured mass-loss rates may also explain the relatively high mass-loss rate that is characteristic of our sample. Our best-fit for the mass-loss rate as a function of While the small number of sources in either sample does not allow us to establish meaningful uncertainties to the fits, we note that the two curves approach each other for [3.6]−[8.0] 2 mag. This suggests that the mass-loss rate for red sources is similar, for a given value of the infrared excess, regardless of the dust chemistry. Our three supergiants with reliable mass-loss rate estimates follow a trend similar to the AGB stars, but as expected are shifted towards higher mass-loss rates. Similar fits are provided by different authors for AGB stars in the Magellanic Clouds. Figure 11 shows a selection of them (Matsuura et al. 2009 (Matsuura et al. , 2013 Gullieuszik et al. 2012; Riebel et al. 2012) , based on the photometry obtained as part of the Spitzer /IRAC SAGE program. It is worth noting that the spread between the individual fits is large, as much as an order of magnitude in dM/dt. This spread may be, in part, a consequence of the specific selection criteria adopted by different authors, leading to different biases in the AGB samples used in the fit. Different assumptions for the gasto-dust ratio and wind velocity, as well as different optical constants used to model the sources will also contribute to the spread. While our best-fitting relations predict larger mass-loss rates for our Galactic AGB sample, the large uncertainty in the fit parameters and the spread between the Magellanic Cloud curves prevent us from deriving meaningful conclusions about the dependence of mass-loss rates on metallicity. Such a dependence is expected for O-rich AGB stars, but not for C-rich sources, since carbon is synthesized locally in the Thermally-Pulsing AGB stars, as argued by Matsuura et al. (2009) . However, it is unclear whether the local synthesis of carbon increases the dust-to-gas ratio (see, e.g. van Loon et al. 2008) . A large Galactic sample with reliable distances (that could be provided in the near future by GAIA) and radio-based mass-loss rate determinations will help resolve this issue.
The selection criteria used by Matsuura et al. (2009 Matsuura et al. ( , 2013 to differentiate evolved stars in the Magellanic Clouds result in a sample that is more directly comparable with our own Galactic sample. The sources in these works are identified by optical and infrared spectroscopy, avoiding the potential mis-classification of red O-rich sources (OH/IR stars and RSG) in the extreme AGB class (where most of the sources, at least in the Magellanic Clouds, are Crich). Matsuura et al. (2013) show how spectrally classified sources of different type tend to separate into three different regions in the [3.6]−[8.0] versus [8.0] color-magnitude diagram. These three regions are overlaid on our sample in Figure 12 . Note that for our Galactic sources, the bright supergiants also have the highest mass-loss rate plotted in Figure 11 . Our two O-rich AGB stars with larger infrared excess are in the lowest luminosity region in the Matsuura et al. (2013) diagram, within the region where extreme C-rich AGB stars are expected. However, these two stars are characterised by a mass-loss rate as high as C-rich AGB stars with similar excess. As pointed out by Matsuura et al. (2013) and Riebel et al. (2012) , the overall dust return of AGB stars to the ISM of the Magellanic Clouds is dominated by a handful of stars with very large mass-loss rates. In the Magellanic Clouds, most of these stars tend to be C-rich 'extreme' stars. The situation may be different in the Galaxy where a large number of very red OH/IR stars are found. These O-rich evolved stars, with mass-loss rates as high as the two reddest O-rich AGB stars in our sample, may contribute as much as the C-rich AGB stars to the overall dust budget in our Galaxy. A larger por- tion of O-rich AGB stars with high mass-loss rates in sources with near solar metallicity has indeed been observed in M33 (Javadi et al. 2013 ).
CONCLUSIONS
We present the results of the first study to characterise Galactic AGB stars in the IRAC bands. The sample consists of 48 AGB stars observed in two epochs -22 O-rich, 19 carbon-rich, and 7 S-type -representing a diverse AGB population with well-determined distance, chemistry, variability type, and mass-loss rate. These are compared to 6 supergiants representing mass-losing evolved stars outside the AGB.
By fitting a PSF to unsaturated parts of the IRAC images, we derive reliable photometry in all four IRAC bands. From this, we compute the mid-IR colors of Galactic AGB stars. AGB stars with O-rich chemistry (including S-type AGB stars) tend to have redder [3.6]−[8.0] colors than carbon stars for a given [3.6]−[4.5] color, possibly driven by silicate emission in the [8.0] band. For colors including the 5.8 µm band, carbon stars separate into two distinct sequences. Carbon stars with higher mass-loss rates tend to lie along the redder branch, while sources along the blue branch have lower mass-loss rates. We interpret this as evidence of a photospheric C3 feature that is only visible in the low-mass-loss-rate sources that are relatively unobscured by dusty circumstellar envelopes.
AGB stars are LPVs, so we have examined both the color and the magnitude as a function of period. We find a period-color relationship consistent with the hypothesis of Marengo et al. (2001) that semiregular variables lose mass discontinuously, leading to a lack of hot dust producing redder colors. In contrast, the Mira variables extend along a more linear sequence toward redder colors as we might expect based on the fact that their mass-loss rates are more sustained in time.
The period-luminosity distribution of Galactic AGB stars is similar to that found by Riebel et al. (2012) for the LMC. Mira variables fall along the fundamental pulsation sequence C. Semiregular variables are mostly in sequences A and B, reflecting the presence of higher overtone modes and shorter periods. We derive a relationship between mass-loss rate and [3.6]−[8.0] color separately for O-rich AGB stars and carbon stars. The overall shape of the fits is similar to those found by other authors for AGB stars in the LMC, albeit corresponding to a higher mass-loss rate for a given [3.6]−[8.0] color. Discrepancies between our fits and those found by other authors likely reflect different assumptions used in the radiative transfer models used to derive mass-loss rates and uncertainties in the gas-to-dust ratio. In addition, we find that neither color nor mass-loss rate is a good discriminator of chemical type, suggesting that care must be taken when inferring the chemical contribution of dust returned to the ISM by AGB stars. 
